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Abstract

:

A simplified generalized radio frequency interference (RFI) detection method and principal component analysis (PCA) method are utilized to detect and attribute the sources of C-band RFI in AMSR2 L1 brightness temperature data over land during 1–16 July 2017. The results show that the consistency between the two methods provides confidence that RFI may be reliably detected using either of the methods, and the only difference is that the scope of the RFI-contaminated area identified by the former algorithm is larger in some areas than that using the latter method. Strong RFI signals at 6.925 GHz are mainly distributed in the United States, Japan, India, Brazil, and some parts of Europe; meanwhile, RFI signals at 7.3 GHz are mainly distributed in Latin America, Asia, Southern Europe, and Africa. However, no obvious 7.3 GHz RFI appears in the United States or India, indicating that the 7.3 GHz channels mitigate the effects of the C-band RFI in these regions. The RFI signals whose position does not vary with the Earth azimuth of the observations generally come from stable, continuous sources of active ground-based microwave radiation, while the RFI signals which are observed only in some directions on a kind of scanning orbit (ascending/descending) mostly arise from reflected geostationary satellite signals.
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1. Introduction


Parameters such as soil moisture, surface temperature, and the rate of surface precipitation are important meteorological factors [1,2,3,4]. However, observations for those parameters when obtained using traditional direct observing methods are often limited by the coverage of the observation stations [5]. The inversion of those surface parameters using satellite data from thermal infrared channels also has its own limitations. Between those are its susceptibility to weather conditions including cloud coverage, fog, rain, and snow, all of which can reduce the accuracy of inversion [6,7,8,9]. On the positive side, the penetration of microwave window channels with all-day, all-weather, and multipole features can be used to make up for this deficiency. Therefore, microwave data play a key role in the retrieval of surface and atmospheric parameters [10,11,12,13].



However, low-frequency microwave channels are occupied by various active and passive remote sensing instruments, such as communication satellites, weather and military radars, GPS signals, mobile phones, and so on. This means that, on top of the actual surface thermal radiation, spaceborne microwave radiometers receive signals emitted by active sensors or reflected by the surface, which are collectively referred to as radio frequency interference (RFI) [14,15,16]. Since strong RFI signals can easily flood the relatively weak thermal emissions of the Earth surface, RFI causes local observations of brightness temperature to be higher than the normal range, thus contaminating the satellite data and leading to large inversion errors [17,18]. Therefore, RFI has become an increasingly serious problem in the field of active and passive microwave remote sensing [13].



Recent experiences with passive microwave sensors, like the Advanced Microwave Scanning Radiometer (AMSR-E) aboard the Earth Observing System Aqua platform [14], the WindSat radiometer on the U.S. Department of Defense Coriolis satellite [16], the Microwave Radiation Imager (MWRI) aboard the second-generation Chinese polar-orbiting satellite (FY-3B) launched on 5 November 2010 [19], the Advanced Microwave Scanning Radiometer 2 (AMSR2) aboard the Global Change Observation Mission—Water 1 (GCOM-W1) satellite launched on 18 May 2012 [20], the Global Precipitation Measurement (GPM) Microwave Imager (GMI) launched in February 2014 [21], all working at low microwave frequencies of the electromagnetic spectrum, have demonstrated the increasing RFI in C- (6.9 GHz) and X-band (10.7 GHz) channels impact on the measured signal and its effect on geophysical parameter retrieval [17].



Moreover, future sensors need to use these unprotected bands in order to achieve a specific observation target [22]. This results in fueling a great deal of research into RFI identification in spaceborne microwave radiometer measurements [23,24,25,26,27,28,29,30], and a series of identification methods for this purpose having been proposed [14,15,16,31,32,33]. Improving the accuracy of RFI identification is of great significance to evaluating the accuracy of the inversion of atmospheric and surface parameters of microwave data [34,35,36].



Li et al. first discovered that there is a wide range of RFI phenomena in AMSR-E C-band channels, and proposed that the spectral difference method can be used to quantify the intensity and range of RFI [14]. In a further study in 2006, Li et al. pointed out that correlation between channels was not taken into account in the spectral difference method, and the principal component analysis (PCA) method was first applied to RFI analysis in terrestrial regions [16]. Zhao et al. pointed out that the spectral difference method and the PCA method generate a large number of false signals when the RFI is identified in the sea ice area, and the double principal component analysis (DPCA) is proposed [32]. Njoku et al. examined the spatial and temporal characteristics of the RFI in AMSR-E channels over the global land by means and standard deviations of spectral indices method [15]. Lacava et al. proposed the multitemporal Robust Satellite Techniques approach that can be implemented on C-band AMSR-E data to identify areas systematically affected by different levels of RFI [33]. For the RFI signals over the ocean, a multichannel regression algorithm is used [16]. Adams et al. described the geophysical retrieval chi-square probability method to identify RFI over the ocean [31]. Zou et al. used standardized principal component analysis (NPCA) to study the RFI contamination of AMSR-E caused by reflection of TV signals on the ocean surface [37]. Zabolotskikh et al. found that the ratio of the brightness temperature difference between channels is not limited by region and season, and detected RFI by setting the threshold of the ratio between the spectral differences of different channels [38]. Tian and Zou developed an empirical model to quantitatively calculate the contribution of TV signals to AMSR2 observations [39].



In the present study, the characteristics of RFI observed by AMSR2 (Advanced Microwave Scanning Radiometer 2) in C-band channels are analyzed using a simplified generalized RFI detection method and the principal component analysis (PCA) method. More specifically, we examine the spatial distribution of RFI over land and analyze the sources of different RFI types. Such information is important for improving the utilization of satellite-borne microwave data in land surface process models and data assimilation.




2. AMSR2 Data


The AMSR2 instrument onboard the GCOM-W1 satellite is an advanced cone-scanning microwave radiometer that operates at altitudes up to 700 km above the ground [36]. It has a local incident angle of 55°. The antenna reflector of AMSR2 has a diameter of 2.0 m, which is larger than that of AMSR-E (Advanced Microwave Scanning Radiometer - EOS) and therefore offers improved spatial resolution. AMSR2 has a total of 14 channels measuring the brightness temperature of 6.925, 7.3, 10.65, 18.7, 23.8, 36.5, and 89.0 GHz horizontal and vertical polarization, respectively, to provide land and ocean surface observations under different weather conditions. The specific channel characteristics are shown in Table 1.



The AMSR2 L1R products contain the brightness temperatures of seven frequencies, among which the 6.925 and 7.3 GHz ones belong to the C-band frequencies. The L1R products are resampled data, and the spatial resolutions of all the channels used in this study are resampled to one of 35 × 62 km, with a frequency of 6.925 GHz, so that the observed brightness temperature data with different frequencies can be mapped at each spatial grid point.



Since the snowpack at high latitudes in winter gets confused with RFI signals, the PCA method can only successfully identify RFI signals in summer. In order to avoid misidentifying RFI in winter over ice and snow, and to facilitate comparison between the recognition effects of the two methods, the L1R brightness temperature data from AMSR2 during one observation period (1–16 July 2017) are selected in this study. Each 16-day observation period covers the exact same area, and the orbital coverage varies every day during the 16 days.




3. RFI Detection Methods


3.1. Generalized RFI Detection Method


RFI in Earth radiometric measurements produces artificially high measurements that are generally inconsistent with the natural spectral variability of the Earth. A generalized RFI detection method for both land and ocean is proposed [32], and such a general approach uses all radiometer channels to compute the channel’s deviation from the expected brightness temperature given the other radiometer channels. The deviation from the expected value is computed using empirically fit coefficients from all other channels relative to the channel of interest. The deviation is called the “generalized RFI index”, ΔTb[i], which is written as [32]


   ∆ T b  [ i ]  =  a 0   [ i ]  +   ∑ j    (   a j   [ i ]  T b  [ j ]  +  b j   [ i ]  T  b 2   [ j ]   )      



(1)




where i represents the channel index of the channel of interest and j represents the channel index over all channels. The coefficients have the following definitions:     a 0  [ i ]    is a constant term;     a j  [ i ]    and     b j  [ i ]    are the linear and quadratic coefficients, respectively, applied to each channel j to compute the RFI index at channel i. Conventionally, the coefficient corresponding to the channel of interest is equal to one (i.e.,     a j  [ i ] = 1   ), and its square is equal to zero (i.e.,     b j  [ i ] = 0   ). Coefficients for channels of the same center frequency but different polarization are set to zero. The linear combination of other channels in Equation (1) tends to cancel the brightness temperature of the channel of interest (i) in RFI-free cases. Large positive values of ΔTb[i], expressed in degrees Kelvin, typically correspond to unnatural emissions from RFI. In this study, it is found that the quadratic term (Tb2[j]) does not result in significant improvements in standard deviations. Thus, Equation (1) is simplified to Equation (2), which is written as


   ∆ T b  [ i ]  =  a 0   [ i ]  +   ∑ j    (   a j   [ i ]  T b  [ j ]   )      



(2)







For C-band RFI in AMSR2 data, channels of interest are those at 6.925 GHz-H, 6.925 GHz-V, 7.3 GHz-H, and 7.3 GHz-V (i.e. i = 1, 2, 3, and 4), and concrete coefficients in RFI detection method based on Equation (2) are shown in Table 2.




3.2. PCA Method


The spectral difference technique is extended using PCA of RFI indices [15,16], which linearly transforms a set of correlated RFI indices into a smaller set of uncorrelated variables to effectively separate RFI from natural sources of radiation.



Specifically, a vector of a five-component RFI index is defined as [29]:


      R ⇀    indices   =  (      T  B  6 H   − T  B  10 H         T  B  18 V   − T  B  23 V         T  B  18 H   − T  B  23 H         T  B  23 V   − T  B  36 V         T  B  23 H   − T  B  36 H        )    



(3)




where TB denotes brightness temperature, the subscript H/V stands for horizontal/vertical polarization, and the subscripts 6, 10, 18, 23, 36 stand for 6.925, 10.65, 18.7, 23.8, 36.5 GHz, respectively.



Additionally, Equation (3) represents       R ⇀    indices      to detect the RFI in 6.925 GHz-H channel, and       R ⇀    indices      used to detect the RFI depends on the channel of interest. In order to detect the RFI in 6.925 GHz-V, 7.3 GHz-H, and 7.3 GHz-V channel, the first line of       R ⇀    indices      in Equation (3) is    T  B  6 v   − T  B  10 v     ,    T  B  7 H   − T  B  10 H     , and    T  B  7 v   − T  B  10 v     , respectively.



The data matrix for identifying RFI at 6.925 GHz horizontal polarization using PCA is defined according to Equation (4), where N is the total number of data points over a specified region:


     A   5 × N   =  (        ( T  B  6 H   − T  B  10 H   )  1        ( T  B  6 H   − T  B  10 H   )  2      … …       ( T  B  6 H   − T  B  10 H   )  N          ( T  B  18 V   − T  B  23 V   )  1        ( T  B  18 V   − T  B  23 V   )  2      … …       ( T  B  18 V   − T  B  23 V   )  N       ⋮   ⋮       ⋱          ⋮     ⋮   ⋮            ⋱       ⋮        ( T  B  23 H   − T  B  36 H   )  1        ( T  B  23 H   − T  B  36 H   )  2      … …       ( T  B  23 H   − T  B  36 H   )  N       )    



(4)







The covariance matrix     S  5 × 5   = A  A T     is then constructed, whose eigenvalues     λ i   (  I = 1 , 2 , … , 5  )     and eigenvectors       e i   ⇀  =    [   e  1 , i   ,  e  2 , i   , … ,  e  5 , i    ]   T     satisfy the following equation:


    S    e ⇀  i  =  λ i    e ⇀  i   (  i = 1 , 2 , … , 5  )    



(5)




where      e ⇀  i     indicates the ith PC mode (i = 1,2, …, 5), and     λ i     indicates the contribution of the ith PC mode to the total variance of data.



By expressing the eigenvalues and eigenvectors in matrix form,


     Λ  =  (       λ 1     …   0     ⋮   ⋱   ⋮     0   ⋯     λ 5       )    ,    E  = [   e ⇀  1  ,   e ⇀  2  , … ,   e ⇀  5  ]    



(6)







Equation (5) can be written as


     S E  =  E Λ      or    S  =  E Λ    Λ  T     



(7)







Notice that     E  − 1   =  E T     since E is an orthogonal matrix.



The projection of data matrix A onto the orthonormal space spanned by the set of basis vectors       e 1   ⇀  ,    e 2   ⇀  , … ,    e 5   ⇀     gives the so-called PC coefficients:


     U   5 × N   =   E  T   A  =  (        u ⇀  1          u ⇀  2       ⋮        u ⇀  5       )    



(8)




where       u i   ⇀  =  [   u  i , 1   ,  u  i , 2   , … ,  u  i , N    ]     is the PC coefficient for the ith PC mode. In this new data space, the first PC mode spans in the direction of the maximum variance in the data, and the second PC mode spans the direction of the largest variance not accounted for by the first vector.



Data matrix A can be reconstructed from the total of the five PC modes:


    A  =  E U  =   ∑  i = 1  5     e ⇀  i      u ⇀  i    



(9)







High values of the PC coefficient for the first PC mode, that is,       u 1   ⇀     indicate the presence of RFI at 6.925 GHz.





4. Results


4.1. RFI Distribution Detected by the Generalized RFI Detection Method


Figure 1, Figure 2 and Figure 3 show the spatial distribution of the generalized RFI index for the TB6H, TB6V, TB7H, and TB7V channels in the ascending orbits of AMSR2 that passed over North America, Southeast Asia, and Europe during 1–16 July 2017 (3-day average). Since RFI signals typically originate from a wide variety of coherent point target sources, they are often isolated in space and persistent in time. The areas where the generalized RFI index is abnormally large imply the presence of RFI, and the typical isolated features of RFI signals characterized by large positive generalized RFI index are found in many places.



Figure 1 shows that both horizontal and vertical polarization channels of 6.925 GHz over North America have strong RFI signals and are more densely distributed. The RFI signals generally appear in metropolitan areas of the United States and their adjacent regions—for example, in the east, such as Washington D. C., New York, and Boston; Los Angeles in the west; Denver in the center, and so forth. Meanwhile, Mexico is affected slightly by the 6.925 GHz RFI. However, almost no RFI is identified over the United States for the 7.3 GHz channels, except from areas around Washington D. C. and Los Angeles. In addition, relatively intense 7.3 GHz RFI signals appear over Mexico, Guatemala, and El Salvador, especially from Mexico City and Guatemala City. The RFI in 6.925 and 7.3 GHz channels have similar distributional characteristics in the descending orbits (figure omitted).



Figure 2 shows that RFI with high intensity from horizontal and vertical polarization channels of 6.925 GHz exists in Tokyo, Osaka, Okayama, and other locations in Japan. However, other places in Southeast Asia are not significantly influenced, and only sporadic RFI signals in this area are observed, including in Manila in the Philippines, Medan and Palembang in Indonesia, and New Delhi and Calicut in India, but other parts are basically unaffected.



However, for the 7.3 GHz channels, which belong to the C-band, at both horizontal and vertical polarization, and whether in ascending or descending orbit, the RFI distribution in Southeast Asia is much broader, for example, across Hebei in China, Seoul in Korea, Vietnam, Vientiane in Laos, Phnom Penh in Cambodia, Bangkok in Thailand, Naypyidaw, Yangon and Mandalay in Myanmar, Dhaka and Chittagong in Bangladesh, Colombo in Sri Lanka, Luzon’s west coast in the Philippines, Kuala Lumpur in Malaysia, Singapore, the islands of Sumatra and Java in Indonesia, and part of the Kalimantan and Sulawesi islands. All these areas are strongly contaminated with RFI, and the location and intensity of RFI do not change with time, meaning comparable levels of RFI contamination can be observed in each for these areas during 1–16 July. Moreover, the RFI at vertical polarization is stronger than that at horizontal polarization.



In Japan, RFI of the 7.3 GHz channels cannot be observed on every day in the 16 days from 1 July to 16 July 2017, and it appears on 2 July, 4 July, 6 July, 8 July, 11 July, 13 July, and 15 July (figure omitted). What makes it different is that the RFI of the 7.3 GHz channels in Japan always appears in ascending orbit observations, with no RFI contamination identified in descending orbit observations.



Figure 3 shows that the 6.925 GHz horizontal and vertical polarization channels are not significantly influenced by RFI in ascending orbits over Europe. However, in Spain, Germany, southern Europe (e.g., Romania, Hungary, Croatia, Bosnia and Herzegovina, Serbia, and Bulgaria), and Mediterranean coast there are some sparse RFI signals.



However, for the new 7.3 GHz C-band channels of AMSR2, especially at vertical polarization, the distribution of RFI in Europe is much broader. The distribution shows the RFI to be mainly concentrated over Belarus, Ukraine, Turkey, Georgia, and Iraq, but also Krasnodar and Makhachkala in southern Russia. The situation is similar in the descending orbit chart (figure omitted). In addition, near Madrid in Spain, four C-band low-frequency channels of AMSR2 are affected by RFI.



In addition, 7.3 GHz channel RFI is observed in South America, such as over Medellin in Columbia and Guayaquil in Ecuador; in Africa, such as over Morocco, Port Harcourt in Nigeria, and parts of South Africa, Zimbabwe, and Botswana; and in parts of Saudi Arabia in West Asia (figure omitted).




4.2. RFI Distribution Detected by the PCA Method


The PCA method is used to detect the distribution of C-band RFI signals over North America, Southeast Asia, and Europe. Based on the above PCA algorithm, the first PC coefficient, U1, related to RFI over land, is calculated. Figure 4, Figure 5 and Figure 6 show the spatial distribution of RFI signals in the AMSR2 6.925 and 7.3 GHz channels during 1–16 July 2017 (3-day average). In order to avoid misidentifying small- and medium-scale weather events as RFI signals, U1 > 0.3 is chosen as the PCA judgment RFI threshold.



The RFI of 6.925 GHz over North America is mainly distributed in the United States, while the 7.3 GHz RFI is mainly distributed in Mexico (Figure 4). In East Asia, the 6.925 GHz RFI mainly occurs over Japan, while the 7.3 GHz RFI is mainly distributed over China, South Korea, Japan, Vietnam, Indonesia, the Philippines, and Sri Lanka. Among them, the intensity of RFI over Vietnam, Indonesia, and Sri Lanka is much higher than that over other contaminated areas. Moreover, the RFI-contaminated areas over Vietnam and Indonesia’s islands of Sumatra and Java are very large, in good agreement with their national borders (Figure 5). In Europe, 6.925 GHz RFI is less distributed and its intensity is limited. However, 7.3 GHz RFI appears to be relatively large over Europe—mainly in France, Ukraine, and Turkey (Figure 6).



Comparing the RFI obtained using the generalized RFI detection method with that using the PCA method, the spatiotemporal characteristics are basically consistent with each other. The consistency between the two methods provides confidence that RFI may be reliably detected using either of the methods.



However, it is worth noting that the RFI-contaminated area identified by the PCA method is slightly smaller than that identified by the generalized RFI detection method in some regions, such as in Ukraine, Turkey, and especially the Philippines, Vietnam, Cambodia, and Myanmar in Southeast Asia.



To compare the two detection methods, Figure 7 and Figure 8 represent spatial distribution of observed RFI signals in ascending orbits at 7.3 GHz using spectral difference method, generalized RFI detection method, and PCA method over Europe and Southeast Asia during 14–16 July 2017. The numbers of observing pixels contaminated by RFI in Box 5 (Ukraine, Turkey and the vicinity), (35°–55°N, 20°–50°E), and Box 6 (the Indo-China Peninsula, the Malay peninsula, and the Sumatra Island), (10°S–22°N, 95°–110°E), are found in Table 3. RFI is detected when RFI index is larger than 5K using spectral difference method [25]. As well, RFI is detected when generalized RFI index is larger than 5K using generalized RFI detection method. Also, RFI is detected when the first PC coefficient is larger than 0.3 using PCA method. Based on Table 3, at 7.3 GHz channels, for both horizontal and vertical polarization, the generalized RFI detection method detected the most RFI-contaminated AMSR2 pixels, followed by the spectral difference method, and then the PCA method, which detected the least.





5. RFI Source Analysis


From the above results, Table 4 is put in to list the countries where RFI is observed over land.



It can be seen that the RFI-affected regions measured in AMSR2 6.925 GHz channels are mainly distributed in the United States, Japan, and India. Furthermore, RFI is found in the Philippines, Indonesia, and southern Europe, and sparser RFI is discovered over Rio de Janeiro and Santos in Brazil, South America, as well as some parts of southern Africa, such as Mbabane in Swaziland and Maseru in Lesotho (figure omitted). Under normal circumstances, the RFI intensity under vertical polarization conditions is greater than that under horizontal polarization conditions at the same frequency.



Regions affected by 7.3 GHz RFI are mainly distributed in Latin America, Southeast Asia, West Asia, Southern Europe, and Africa. The location of RFI in these areas does not change with time. In addition, the intensity of RFI at 7.3 GHz is stable in some areas, such as in Mexico City, Jakarta, and so on. Also, the RFI intensity varies with Earth azimuth angle of the field of view in some areas, such us in Kyiv, Port Harcourt, and so on. Moreover, the RFI at vertical polarization is stronger than the RFI at horizontal polarization. However, there is no obvious 7.3 GHz channel RFI over the United States and India, indicating that the new 7.3 GHz C-band channels of AMSR2 have been successful in relieving C-band RFI in these regions. Nonetheless, 7.3 GHz channel RFI is still found to exist in Japan, the position and intensity of which change over time. Furthermore, it always appears in the observations in ascending orbit, but not in descending orbit. Since specular reflections occur more frequently on the ocean surface when wind speeds are low, geosynchronous satellite signals also appear around a land mass, reflected from the ocean surface. Because AMSR2 is an instrument with the half-cone scanning characteristics, and geosynchronous satellites are over the equator, ascending data of regions north of the equator and descending data of regions south of the equator are likely contaminated by RFI which arises from geosynchronous satellite signals reflected from the ocean surface.



RFI signals are observed by AMSR2 in C-band mostly over industrial areas, scientific research centers, densely populated cities, ports, airports, and highways, indicating that the presence of RFI is always related to human activity and industrialization level.



The RFI observed by satellite-borne passive microwave sensors is either generated by ground-based radio-frequency transmitters, or arises from reflection of geosynchronous satellite signals over the Earth surface. The RFI emitted from ground-based active sources is often continuous over time, is relatively concentrated spatially, and affects both ascending and descending tracks. Furthermore, if the RFI intensity varies with the Earth azimuth observation angle, this indicates that the RFI probably originates from those ground-based transmitters with directional emission characteristics. In addition, since RFI over ocean surface usually arises from reflected signals such as those produced by transmitters on geosynchronous stationary satellites for telecommunication and television broadcast services [28], if the RFI intensity not only depends on the Earth azimuth angle of the field of view, but also on ascending/descending tracks of the satellite, it indicates that the RFI originates from geosynchronous satellite signals reflected from the ocean surface, especially over land near coastlines. These signals are reflected by the ocean surface and reach the AMSR2 radiometer antenna only under some specific geometric alignment of the geostationary satellites and the AMRS2 satellite platform.



For the terrestrial sources, the C-band channels of AMSR2 are usually used by, for example, Earth-to-space fixed-satellite services, space research services, space stations of the fixed-satellite services, geostationary satellite systems in the fixed-satellite service, and so on. However, the specific frequency bands used vary in different countries and regions [40].



Since AMSR2 is an advanced cone-scanning microwave instrument, its level-1 brightness temperature data provide the value of the Earth azimuth observation angle defined as the orientation of the satellite scanning direction relative to the north of the observed field of view, that is, the angle between the projection on the Earth of the connection which is between the observed field of view and the satellite and the true north direction, within the range of [−180°, 180°]. The clockwise azimuth is a positive value and the counterclockwise azimuth is a negative value.



The four regions in Figure 1, Figure 2 and Figure 3 are selected to discuss the relationship between the observation azimuth of the Earth and the magnitude of the brightness temperature. The geographic locations of the four regions are: Box 1 (Eastern United States), (30°–45°N, 70°–90°W); Box 2 (most of Japan), (30°–40°N, 130°–145°E); Box 3 (Sumatra Island and Peninsular Malaysia), (8°S–6°N, 90°–110°E); Box 4 (Ukraine and the vicinity), (45°–55°N, 20°–40°E).



Figure 9 is a scatterplot of the brightness temperature and Earth azimuth for the 6.925 and 7.3 GHz channels in the Box 1 (Eastern United States) region. It can be seen that, in this area, whether at vertical or horizontal polarization, or whether in ascending or descending orbit, the 6.925 GHz channels exhibit strong RFI. This also proves that 6.925 GHz RFI observed by AMSR2 in this area arises mainly from stable, continuous microwave transmitters. The significant RFI of the 7.3 GHz channel is only present at individual locations, which further demonstrates the positive effect of the new 7.3 GHz channel of AMSR2 compared with AMSR-E in mitigating the impact of C-band RFI over the United States.



Shown in Figure 10 is a brightness temperature and Earth azimuth scatterplot for the 6.925 and 7.3 GHz channels in the Box 2 (most of Japan) region. From the horizontal and vertical polarizations in the area, the RFI of the 6.925 GHz channels appears in both ascending and descending orbits, and the intensity is greater when vertically polarized. This also proves that the RFI of 6.925 GHz channels in this area arises mainly from stable, continuous microwave transmitters. The location and intensity of 7.3 GHz RFI appear to be related to the azimuth of the Earth of the observed field of view; that is, only in some directions on ascending orbits is there strong RFI. Therefore, this RFI most likely arises from reflected radiation signals of geostationary satellites. Moreover, AMSR2 does not always suffer interference from geostationary satellite signals, and these fields of view are only affected by the RFI when the spaceborne passive microwave radiometer scans within a certain limited range of the azimuth of the Earth. Furthermore, multiple geosynchronous satellites could cause a range of RFI azimuth angles, but each satellite would have a different power level. In addition, since the RFI caused by ocean surface reflection depends very much on the relative geometrical position of geosynchronous satellites and the satellite on which passive instruments are carried, the nonstrict specular reflection gives the interference signal angular spread. The most prominent instance is analysis of the RFI over the Kyushu region of Japan, especially over Kagoshima of the Kyushu region.



It can be seen that the 7.3 GHz RFI only appears in a relatively narrow azimuthal range of [−180°, −110°] ∪ [120°, 180°] (Figure 10c,d). Combining the half-cone scanning characteristics of the AMSR2 instrument, that is, the azimuth of the Earth of the field of view in ascending orbit is in the range of [−180°, −90°] ∪ [90°, 180°], and that in descending orbit is [−90°, 90°], it can be seen that the range of the azimuth of the observed RFI is within the range of the azimuth of the field of view in ascending orbits. Here it is found again that the RFI of the 7.3 GHz channels always appears in ascending orbit observations over Japan, and no RFI contamination is identified in descending orbit observations. The azimuthal value in [120°, 180°] intervals is positive, indicating that all RFI-contaminated areas are on the left-hand side of the satellite’s flight direction. Meanwhile, the azimuthal value in [−180°, −110°] is negative, indicating all these RFI-contaminated areas are on the right-hand side of the satellite’s flight direction.



It also can be seen that the magnitude and the positive/negative values of the Earth azimuth angle of the field of view, corresponding to the observed RFI, are related to which side of the satellite flight direction the RFI-contaminated area is located. As far as ascending orbits, when the observational azimuth value is positive, the observed field of view of the RFI is on the left-hand side of the satellite’s flight direction; and the more to the left, the smaller the value of the azimuth. On the contrary, when the observational azimuth is negative, the observed field of view of the RFI is on the right-hand side of the satellite’s flight direction, and the smaller the absolute value of the negative value, the more to the right it is positioned. When a spaceborne passive microwave radiometer suffers interference from a reflected geostationary communication/television satellite signal, the location where RFI is observed has something to do with the Earth azimuth angle of the observed field of view and the position of the observed field of view relative to that of the geostationary satellite.



Taking the island of Sumatra in Indonesia as an example, Figure 11 shows a scatterplot of the brightness temperature and Earth azimuth of the 6.925 and 7.3 GHz channels in Box 3 (Sumatra Island and Peninsular Malaysia) of Figure 2a. As can be seen from Figure 11a,b, no matter which direction the instrument scans, the RFI of the 6.925 GHz channels in the Box 3 region can be observed almost all the time. Therefore, the field of view relevant to the RFI should be located throughout the whole azimuthal range that can be scanned by the microwave radiometer. As can be seen from Figure 11c,d, the azimuthal angle of the RFI-contaminated field of view of the 7.3 GHz channels in the Box 3 region is within the interval [−180°, −90°] and [90°, 180°]. It is evenly distributed, indicating that the position and intensity of the RFI appearing in Box 3 have nothing to do with the Earth azimuth angle. That is, the instrument has strong RFI contamination regardless of its direction. It can be seen that the RFI of the 7.3 GHz channel in Box 3 arises from stable and continuous ground-based active sources rather than reflective geostationary satellite signals. Moreover, the RFI of the 7.3 GHz channels in the Box 3 region is much stronger than that in the 6.925 GHz channels.



The RFI distribution in the Box 4 (Ukraine and the vicinity) region is similar to that of Box 3 (Sumatra Island and Peninsular Malaysia), except that the former has much less RFI in the 6.925 GHz channels than the latter, and the intensity is also smaller. The 7.3 GHz RFI has a similar Earth azimuth angle distributional to that of Box 3, but the intensity is also smaller (figure omitted).




6. Conclusions and Future Work


Based on AMSR2 brightness temperature data during 1–16 July 2017, the generalized RFI detection method and PCA method are used to detect C-band RFI signals over land, and the reasons for its occurrence are analyzed. The following conclusions are drawn:



(1) The RFI contamination of the C-band channel over land in summer identified by the generalized RFI detection method is basically the same as that by the PCA method. The identified location, intensity, and temporal variation characteristics of the RFI contamination are almost the same. This shows that the generalized RFI detection method and PCA algorithm are effective for identifying RFI over land (snow-free). However, the RFI-contaminated area identified by the PCA algorithm is smaller in some areas than that identified by the generalized RFI detection method, especially in Southeast Asia and Southern and Eastern Europe.



(2) Identified areas which are contaminated by 6.925 GHz RFI signals are basically consistent with previous analyses or references, and the areas usually do not coincide with those at 7.3 GHz. The regions with RFI-affected 7.3 GHz measurements are mainly distributed in Latin America, Southeast Asia, Western Asia, Southern Europe, and Africa. Moreover, there is no obvious RFI at 7.3 GHz in the United States and India, indicating that the addition of the new 7.3 GHz C-band channels in AMSR2 has been successful in relieving C-band RFI in these areas. However, the 7.3 GHz RFI still exists in Japan, and always appears in ascending orbit observations, but not at all in descending orbits.



(3) The stable, continuous RFI signals mainly arise from sustained and stable active microwave emitters on the ground, while the RFI signals that exhibit strong directionality, and for which intensity changes both with the Earth azimuth angle and scan track of the satellite, indicate that RFI contamination sources are mainly from reflected geostationary satellite signals.



The generalized RFI detection method is simplified. Meanwhile, characteristics of C-band RFI including spatial distribution, directional properties, and temporal variability were investigated using AMSR2 data. The comparison of the distribution and variability of RFI using two methods over land was made. The directional property of RFI was assessed using multiple observations at various azimuth angles. In some areas, the temporal variability of RFI is not as large as the directional differences. Furthermore, it is confirmed that the magnitude of RFI often depends on the direction of observation in these regions. Future work will quantify the levels of radiation that contaminate the AMSR2 C-band channels, and the same approach used here will be extended to sea surfaces and snow-covered land surface, as well as to X- and K-band measurements to have a comprehensive view of RFI contamination on AMSR2 radiances. Anyway, such a study may be useful for other missions working at these wavelengths as well as in localizing where these data have to be used with attention to the utilization of spaceborne passive microwave data and the inversion accuracy of geophysical parameters.
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Figure 1. Spatial distribution of RFI signals observed by AMSR2 in ascending orbits at (a,b) 6.925 GHz and (c,d) 7.3 GHz, at (a,c) horizontal and (b,d) vertical polarization, using the generalized RFI detection approach over North America during 1–16 July 2017. 
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Figure 2. As in Figure 1 but for Southeast Asia during 1–16 July 2017. (a) 6.925 GHz horizontal polarization, (b) 6.925 GHz vertical polarization, (c) 7.3 GHz horizontal polarization, (d) 7.3 GHz vertical polarization. 
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Figure 3. As in Figure 1 but for Europe during 1–16 July 2017. (a) 6.925 GHz horizontal polarization, (b) 6.925 GHz vertical polarization, (c) 7.3 GHz horizontal polarization, (d) 7.3 GHz vertical polarization. 
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Figure 4. PCA-based RFI distribution in descending orbits at (a,b) 6.925 GHz and (c,d) 7.3 GHz, at (a,c) horizontal and (b,d) vertical polarization, over North America during 1–16 July 2017. 
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Figure 5. As in Figure 4 but for Southeast Asia during 1–16 July 2017. (a) 6.925 GHz horizontal polarization, (b) 6.925 GHz vertical polarization, (c) 7.3 GHz horizontal polarization, (d) 7.3 GHz vertical polarization. 
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Figure 6. As in Figure 4 but for Europe during 1–16 July 2017. (a) 6.925 GHz horizontal polarization, (b) 6.925 GHz vertical polarization, (c) 7.3 GHz horizontal polarization, (d) 7.3 GHz vertical polarization. 
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Figure 7. Spatial distribution of RFI signals observed by AMSR2 in ascending orbits at 7.3 GHz, at (a–c) horizontal and (d–f) vertical polarization, using spectral difference method (a,d), generalized RFI detection method (b,e), and PCA method (c,f) over Europe during 14–16 July 2017. 
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Figure 8. Spatial distribution of RFI signals observed by AMSR2 in ascending orbits at 7.3 GHz, at (a–c) horizontal and (d–f) vertical polarization, using spectral difference method (a,d), generalized RFI detection method (b,e), and PCA method (c,f) over Southeast Asia during 14–16 July 2017. 
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Figure 9. The relationship between the brightness temperature and the Earth azimuth observation angle of AMSR2 in Box 1 (Eastern United States) during 1–16 July 2017. (a) 6.925 GHz horizontal polarization, (b) 6.925 GHz vertical polarization, (c) 7.3 GHz horizontal polarization, (d) 7.3 GHz vertical polarization. 
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Figure 10. As in Figure 9 but for Box 2 (most of Japan) during 1–16 July 2017. (a) 6.925 GHz horizontal polarization, (b) 6.925 GHz vertical polarization, (c) 7.3 GHz horizontal polarization, (d) 7.3 GHz vertical polarization. 
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Figure 11. As in Figure 9 but for Box 3 (Sumatra Island and Peninsular Malaysia) during 1–16 July 2017. (a) 6.925 GHz horizontal polarization, (b) 6.925 GHz vertical polarization, (c) 7.3 GHz horizontal polarization, (d) 7.3 GHz vertical polarization. 
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Table 1. AMSR2 channel characteristics.
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	Center Freq./GHz
	Pol.
	Band Width/MHz
	Ground Res./km
	Sensitivity/K





	6.925
	H/V
	350
	35 × 62
	0.34



	7.3
	H/V
	350
	34 × 58
	0.43



	10.65
	H/V
	100
	24 × 42
	0.7



	18.7
	H/V
	200
	14 × 22
	0.7



	23.8
	H/V
	400
	15 × 26
	0.6



	36.5
	H/V
	1000
	7 × 12
	0.7



	89.0
	H/V
	3000
	3 × 5
	1.2
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Table 2. Concrete coefficients in Equation (2).
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Coefficients in Equation (2)

	
ΔTb[i]




	
ΔTb[1] (i = 1)

	
ΔTb[2] (I  = 2)

	
ΔTb[3] (I  = 3)

	
ΔTb[4] (I  = 4)






	
a0[i]

	
−31.0066

	
−21.3615

	
−1.1779

	
19.9720




	
a1[i]

	
1

	
0

	
−0.1038

	
−0.2961




	
a2[i]

	
0

	
1

	
0.5458

	
1.1277




	
a3[i]

	
0.4326

	
−0.0722

	
1

	
0




	
a4[i]

	
0.2031

	
0.9461

	
0

	
1




	
a5[i]

	
0.0756

	
0.1702

	
1.3939

	
0.0871




	
a6[i]

	
0.2237

	
0.3373

	
−0.7539

	
−0.3816




	
a7[i]

	
0.4189

	
−0.6674

	
0.1443

	
0.7893




	
a8[i]

	
−0.4982

	
−0.3616

	
0.1096

	
0.4412




	
a9[i]

	
0.2358

	
1.1047

	
−1.0035

	
−1.2275




	
a10[i]

	
−0.0065

	
−0.3181

	
0.4626

	
0.3218




	
a11[i]

	
−0.3316

	
−0.2766

	
0.1675

	
0.2853




	
a12[i]

	
0.2331

	
0.3215

	
−0.1646

	
−0.3981




	
a13[i]

	
0.3240

	
−0.0873

	
0.2889

	
0.1758




	
a14[i]

	
−0.2034

	
−0.0282

	
−0.0786

	
0.0108
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Table 3. Number of detected RFI pixels.






Table 3. Number of detected RFI pixels.





	
Area

	
Pol.

	
Number of Total Pixels

	
Number of Detected RFI Pixels




	
Spectral Difference Method

	
Generalized RFI Detection Method

	
PCA Method






	
Box 5

	
7H

	
173,328

	
46,333

	
76,710

	
25,164




	
7V

	
173,328

	
75,505

	
89,197

	
70,042




	
Box 6

	
7H

	
83,699

	
38,981

	
48,050

	
18,756




	
7V

	
83,699

	
49,773

	
57,443

	
36,233
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Table 4. RFI spatial distribution over land.






Table 4. RFI spatial distribution over land.





	
Center Freq. /GHz

	
Pol.

	
Spatial Distribution over Land




	
America

	
Asia

	
Europe

	
Africa






	
6.925

	
H/V

	
United States, Brazil

	
Japan, India, the Philippines, Indonesia

	
Spain, Germany, Romania, Hungary, Croatia, Bosnia, Herzegovina, Serbia, Bulgaria

	
Swaziland, Lesotho




	
7.3

	
H/V

	
Mexico, Guatemala, El Salvador, Columbia, Ecuador

	
Japan, China, Korea, Vietnam, Laos, Cambodia, Thailand, Myanmar, Bangladesh, Sri Lanka, the Philippines, Malaysia, Singapore, Indonesia, Saudi Arabia

	
Belarus, Ukraine, Turkey, Georgia and Iraq, Russia. Spain

	
Morocco, Nigeria, South Africa, Zimbabwe and Botswana
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